Introduction
Lung cancer, a prevalent and lethal cancer worldwide, 1 has become one of the leading causes of cancer therapy evolution. During the past two decades, while the trials were focusing on the methods to distinguish histological subgroups, intensified chemotherapy and radiotherapy regimens were established as the most effective treatments of lung cancer. [2] [3] [4] However, the character of high metastasis rate and invasiveness of lung cancer cells contributed to its high mortality rate and poor prognosis in patients.
Until lately, large amounts of data demonstrated the high efficiency of targeted therapy in suppressing tumor progression, identification of new molecular targets that contribute to lung cancer initiation and metastasis will be essential for best clinical treatment selection and outcome improvement. [7] [8] [9] T-cell lymphoma invasion and metastasis-inducing factor, also known as Tiam1, was identified as a metastasisrelated gene which was originally found in aggressive mice T lymphoma cells. 10 Tiam1, a guanine nucleotide exchange factor, acts as the activator of the small GTPase Rac. 11 Rac, a member of the Rho-like proteins (Rho, Rac, and Cdc42), plays an important role in regulating cytoskeleton dynamics and is crucial for tumor malignancies. 12, 13 Though the multiple cellular functions of Tiam1, via general Rho protein regulation, were elaborated, 14 its controversial role in cancer progression received no final conclusion. 15 Previously, perturbed expression of Tiam1 was detected in various cancer tissues, including breast, colon, ovarian, and lung. [16] [17] [18] [19] The correlation between the expression and its role in carcinogenesis was also verified. 20 Moreover, it was found that the expression of Tiam1is upregulated in malignant tumors, thereby proving that Tiam1 serves as a cell migration and division enhancer. 21 It is well-known that metastasis and division of cancer cells are coupled with epithelial-mesenchymal transition (EMT) acquisition, and thus Tiam1 may trigger the EMT program. Furthermore, in non-cancerous regions, Tiam1 was found to be crucial in contributing to angiogenic activities via Ras-Tiam1-Rac1-Pak1 signaling pathway. 22 As angiogenesis serves as a connecting mechanism between cancer cell stemness and tumorigenesis, 23 these demonstrations manifest that Tiam1 plays dual roles in cancer initiation and migration.
Herein, we aim to show that Tiam1 overexpression indicates poor prognosis in lung adenocarcinoma patients, and that Tiam1 expression is significantly related to proliferation, colonization, and migration capacities in both lung cancer cell lines, A549 and H1975. We also show that Tiam1 depletion greatly alters EMT markers' expression and further inhibits EMT progression. Additionally, using in vitro studies, we demonstrate that Tiam1 protein level could enhance angiogenesis and vasculogenic mimicry (VM), consistent with its regulatory mechanisms operating in human tumors.
Materials and methods ethics statement
This study complied with the principles of the Declaration of Helsinki and was approved by the human ethics and research ethics committees of Yanbian University Medical College in China. All patients, whose tissues were used in this research, provided written informed consent. Their resected specimens were stored by our hospital and will potentially be used for scientific research. Their privacy will be maintained. The follow-up survival data were collected retrospectively through medical record analyses.
Clinical samples
Lung adenocarcinoma tissues (92 cases) with clinical features were selected from patients who underwent surgery between January 2008 and December 2011 in Shanghai Outdo Biotech Co. Ltd. and the tissue bank of Yanbian University Medical College. All specimens were taken from patients who underwent lung cancer surgery without receiving preoperative tumor therapy. Diagnosis and stage analysis were based on the Staging Manual of the American Joint Committee on Cancer, seventh edition. Clinicopathological data obtained from these 92 patients are summarized. Briefly, the 92 patients with lung adenocarcinoma included 51 males and 41 females with a mean age of 60 years. Among them, 55 were above 60 years and 37 were younger. All cases were confirmed by pathological examination. With regard to the tumor sizes, 52 cases were T1-T2 and 40 were T3-T4. According to TNM staging, 54 cases were in clinical stage I-II and 38 were in stage III-IV. Overall, 11 cases were defined as histologically well differentiated, 44 cases as moderate, and 37 cases as poorly differentiated. For lymph node (LN) metastases, 50 cases showed no LN metastases while 42 cases were LN positive. According to the fluorescence in situ hybridization assessment, 21 cases were EGFR positive and 71 cases were negative, and 10 cases were ALK positive and 82 cases were negative. None of the patients received radiochemotherapy before surgery. The 92 patients with lung adenocarcinoma were followed for 8 years or until death. The follow-up time was calculated from the day of surgery to death, or to the latest follow-up date. In addition, 88 samples from adjacent non-tumour tissues were collected from the cancer resection margin in these patients.
immunohistochemistry (ihC) staining
Sections of paraffin-embedded specimens were deparaffinized in xylene and rehydrated in graded alcohol washes. On antigen retrieval, the slides were, respectively, incubated overnight with antibodies against humanTiam1 at room temperature, followed by incubation with the secondary antibodies. Diaminobenzidine-hydrogen peroxide (SigmaAldrich Co.) was the chromogen, and counterstaining was carried out with 0.5% hematoxylin. Mouse IgG isotope was used as a negative control. Positive tissue sections were 
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evaluation of ihC staining
All slides were scored by two pathologists (ZL and SC) independently, who were blind to all clinical data. Final score established for cases with discrepancies was determined by reassessment of both pathologists with a double-headed microscope. Briefly, the IHC staining for Tiam1 was semiquantitatively scored as "−" (negative, no or <5% positive cells), "+" (6%-50% positive cells), and "++" (<50% positive cells, considered as strongly positive). For the double scoring system taken together, "++" scored samples were considered as showing high expression of Tiam1, while "−" and "+" scored samples were considered as showing low expression of Tiam1.
Cell culture and transfection
Lung adenocarcinoma cell lines, A549 and H1975, were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). A549 cells were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA). H1975 cells were cultured in RPMI 1640 medium. All cell lines were supplemented with 10% FBS (Thermo Fisher Scientific) and appropriate antibiotics at 37°C in a 5% CO 2 humidified incubator.
Three different Tiam1 siRNAs were purchased from RiboBio (Guangzhou, Guangdong, China). The sequence of si-RNA1 (si-Tiam1#1) was 5′-CCTCCGTACAGTA-ATTATA-3′. The sequence of si-RNA2 (si-Tiam1#2) was 5′-GGAGCTGATTTGCAAGACA-3′. The sequence of si-RNA3 (si-Tiam1#3) was 5′-GCAGTTTGCATGAGAT-GAA-3′. Control siRNA (si-control) was also used. Cells were transfected with 30 nM of siRNA by using Lipofectamine 3000 (Thermo Fisher Scientific) following the manufacturer's instructions.
Wound healing assay
Cells seeded in six-well plates were incubated with complete tissue culture medium. After the cells became confluent, wounds were created by making scratches using a 200 µL micropipette tip. Medium was then replaced, and spontaneous cell migration was pictured by using a Nikon inverted microscope at 0, 12, and 24 hours.
Immunofluorescence staining
Cells grown on six-well culture slides were fixed with 4% paraformaldehyde for 15 minutes, and permeabilized using 0.5% Triton X-100 (CWBIO, Beijing, China). Then, cells were blocked with 3% BSA for 2 hours and incubated with Tiam1 antibody in 3% BSA at 4°C overnight. After washing three times with PBS, cells were incubated with Alexa Fluor 546-labeled secondary antibody (Thermo Fisher Scientific) in 3% BSA for 2 hours, and then analyzed by using Cytation 5 cell imaging system.
Migration assay
The migration assay was performed by using 24-well millicell (EMD Millipore, Billerica, MA, USA) with 8 µm polyethylene terephthalate (PET) membrane. Cells were seeded in the upper insert with serum-free media, while media containing 10% FBS was added to the lower chamber as chemoattractant. After 12 hours, the cells were removed from the upper surface of the filter by scraping with a cotton swab. Cells that infiltrated through the filter were fixed and stained with Giemsa. Images were then taken by Olympus BX53 microscope.
Colony formation assay
Single-cell suspension (1,000 cells per well) was seeded in six-well plates and incubated for 2 weeks. Cells were then fixed by ice-cold methanol and stained with Giemsa for 25 minutes. Then, the cells were washed with tap water for 30 minutes. Colonies (containing >50 cells) were counted directly. Statistical significance was analyzed from each of the three independent experiments.
Carboxyfluorescein diacetate succinimidyl ester (CFse) and cell proliferation
Cell proliferation was evaluated by CellTrace™ CFSE cell proliferation kit according to the manufacturer's protocol. Briefly, mammospheres were dissociated and incubated with PBS containing 5 µM CFSE/1×10 6 cells and 0.1% BSA for 15 minutes at 37°C. The reaction was stopped with cold culture medium and after washing with the medium, cells were seeded at 10,000 cells/cm 2 and incubated in full culture medium for 24 hours. Mammospheres were allowed to adhere on the poly-l-lysine coated glass coverslips and were fixed with 4% paraformaldehyde for 10 minutes at room temperature. Cell nuclei were stained with DAPI (0.5 µg/ mL). Coverslips were then mounted with Vectashield mounting medium and examined using Leica TCS SP5 confocal microscope (Leica Microsystems, Mannheim, Germany).
Western blot
Western blot assay was performed as previously described. 24 The following primary antibodies were used: Tiam1 (Santa 
endothelial cell tube formation assay
The 96-well tissue culture dishes were coated with 100 µL of Matrigel (BD Biosciences) and incubated at 37°C for 4 hours. Human umbilical vein endothelial cells (HUVECs) were cultured in complete medium for 12 hours and resuspended in respective complete medium at a density of 1×10 5 cells/ mL. About 100 µL of the cell suspension was loaded onto the surface of the gelled matrix and incubated at 37°C for 4-6 hours. Tubular networks were visualized using Olympus BX53 microscope.
VM assay
The 96-well tissue culture dishes were coated with 100 µL of Matrigel (BD Biosciences) and incubated at 37°C for 4 hours. A549 cells and H1975 cells with non-targeting siRNA or si-Tiam1 were seeded onto the plates at 1×10 5 cells/well and VM networks were imaged by Olympus BX53 microscope over 12 hours within four randomly selected fields of view per well.
statistical analysis
The data analysis was performed using SPSS 17.0 software and GraphPad Prism 6.0 software. Associations between Tiam1 expression and clinicopathological features were evaluated by a chi-squared test and Fisher's exact test. The Kaplan-Meier method was used for analysis of survival curves, and statistical significance was assessed using the log-rank test. Cox proportional hazards regression model was used to examine univariate and multivariate hazard ratios for the study variables. Group comparisons for continuous data were done by Mann-Whitney U test or one-way ANOVA. Biochemical experiments were performed in triplicate. The value of P<0.05 was considered as statistically significant.
Results

Tiam1 is overexpressed in lung adenocarcinoma
To further confirm the hypothesis and increase our understandings of its clinical significance, we performed IHC staining of specimens obtained form 92 lung adenocarcinoma patients. Consistent with previous studies, Tiam1 was detected both in the cytoplasm and the cell nuclei ( Figure 1A) . Here, Tiam1 positive staining ratio was only 3.4% (3/88) in the adjacent non-tumor tissues, while in tumor tissues the positive rate was 82.6% (16/92), which shows that Tiam1was aberrantly upregulated (P<0.01). Paralleled with the positive staining ratio, the strongly positive staining of Tiam1 was 2.2% (2/88) and 48.9% (45/92), respectively, which is considered as statistically significant (P<0.01) ( Table 1) . Western blot was performed for Tiam1 expression evaluation in eight lung adenocarcinoma patients, for both tumor and non-tumor tissues. Tissue samples from tumor and adjacent non-tumor tissues were paired. It is obvious that Tiam1 expression is highly expressed in lung adenocarcinoma tissue compared with adjacent non-tumor tissue ( Figure 1B) 
Tiam1 overexpression is correlated with poor prognosis in lung adenocarcinoma patients
To further demonstrate the impact of Tiam1 overexpression on overall survival (OS), we utilized Kaplan-Meier survival analysis for illustration. Here, we discovered that patients with high Tiam1 expression had significantly shorter OS (P<0.001) ( Figure 3A) . Compared with Tiam1 low-expression cases, with regard to differentiation status (both P<0.01), LN metastasis (P=0.01, P<0.001, respectively), and early and late clinical stages (P=0.050, P=0.000, respectively), the OS of Tiam1 high-expression cases was significantly shortened (Figure 3Ba-f) . Furthermore, when univariate and multivariate Cox regression analyses were applied, the data further verified that Tiam1 overexpression and TNM stages were independent risk factors for shorter OS in lung adenocarcinoma patients (Table 3) .
Tiam1 depletion reduces cancer cell proliferation, colonization, and migration capacities 
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Zhu et al siRNA as si-control or three different Tiam1-specific lentiviral si-RNAs ( Figure 4A ). Tiam1 was significantly depleted by si-Tiam1 sequence #1 and #3, and sequence #2 showed only a slight depletion effect on Tiam1. Therefore, si-Tiam1 sequence #1 and #2 were chosen for further investigation. Corresponding with the silencing effect of Tiam1, the reduction on cell proliferation and colonization capacities were demonstrated by colony formation assay and CFSE staining ( Figure 4B, C) .
We next focused on the functionalities of Tiam1 on cancer cell migration. As expected, Tiam1 depletion significantly attenuated the cancer cell migration capacities, according to the wound healing and transwell assays ( Figure 4D, E) . N1  T1  N2  N3  N4  N5  N6  N7  N8  T2  T3  T4  T5  T6  T7  T8 
P=0.038
Relative expression of Tiam1 Notes: Tiam1 is significantly overexpressed in lung adenocarcinoma patients. **P<0.01 compared with the adjacent non-tumor tissues.
Tiam1 depletion inhibits cancer cell eMT progression
Given that EMT activation program causes plasticity of cancer cells and may enhance continuous adaptions to tumor microenvironment, 25, 26 and considering the crucial role of Tiam1 in lung adenocarcinoma progression from initiation to metastasis, we intend to investigate further the interplay of Tiam1 with EMT progression of cancer cells. Hence, Western blot analysis was displayed to reflect the alteration of EMT markers. Epithelial markers E-cadherin and ZO-1 were upregulated, while mesenchymal markers including vimentin, MMP2, Slug, and Snail were significantly downregulated, which were paralleled with Tiam1 expression ( Figure 5A ). 
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To further confirm our findings, immunofluorescence staining was applied. Consistent with the previous data, Tiam1 depletion led to an increase in E-cadherin expression and decrease in vimentin ( Figure 5B ). These data demonstrated that Tiam1 expression is associated with EMT progression in lung adenocarcinoma cells.
Tiam1 depletion reduces angiogenesis and cancer cell VM capacities
According to previous studies, Tiam1 affects the expression of various genes, 15 and lots of data had demonstrated that angiogenesis is considered to be crucial for the metastasis and progression of cancer. Notably, cell signaling modulated by a, b) high Tiam1 expression was associated with poor Os in well, moderate, or poorly differentiated lung adenocarcinoma cases; (c, d) high Tiam1 expression was associated with poor Os in patients with or without lymph node metastasis; (e, f) high Tiam1 expression was associated with poor Os in early-or late-stage lung adenocarcinoma cases. Abbreviation: Os, overall survival. 
Tiam1(-), n=35
Tiam1(+), n=20
Tiam1(-), n=37
Tiam1(+), n=17
Tiam1(-), n=12
Tiam1(+), n=25
Tiam1(+), n=15
Tiam1(-), n=10
Tiam1(+), n=28
Log-rank =28.780 P=0.000 
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Tiam1 could influence endothelial cell migration, according to Lee et al. 22 We therefore performed Western blot analysis, and the findings indicate that the expression of angiogenesisassociated markers, VEGF and VEGFA, was significantly decreased by Tiam1 depletion ( Figure 6A ). To validate the Tiam1 expression in angiogenesis and its association in vitro, endothelial tube formation assay for HUVECs and VM assay for both cancer cell lines were performed. Tiam1 depletion significantly inhibited the microtubule formation capacities of HUVECs, as well as in VM assay, Tiam1 depletion inhibited the formation of VM networks in both A549 and H1975 cells ( Figure 6B ). Altogether, our findings indicated that increased Tiam1 expression could enhance angiogenesis and further accelerate tumorigenesis and tumor progression.
Discussion
Herein, we described the key role of the malignant tumor enhancer Tiam1. According to our findings, Tiam1 is aberrantly overexpressed in lung adenocarcinoma, and was significantly associated with patients' clinical outcome. High Tiam1 expression led to poor histological differentiation, later clinical stages, LN metastasis, and shortened OS. In the in vitro study, Tiam1 depletion reduced the proliferation, colony formation, and migration capacities of lung adenocarcinoma cancer cell lines A549 and H1975. These data suggested that Tiam1 may serve a role in cancer progression promotion from initiation to metastasis. Consistent with previous findings, Tiam1 was highly expressed in various tumors and was demonstrated as a novel therapeutic biomarker for head and neck squamous cell carcinoma. [27] [28] [29] Thus, in this study, univariate and multivariate Cox regression analyses investigated the value of Tiam1 in prognosis prediction. We verified that abnormal high expression of Tiam1 could be an independent biomarker of poor prognosis in lung adenocarcinoma patients.
For further investigation, we proposed that impact of Tiam1 on cancer growth and metastasis may result in EMT progression. As expected, we pictured a comprehensive appearance of EMT progression driven by Tiam1. The ablation of Tiam1 significantly attenuated the expression of mesenchymal markers vimentin, MMP2, Slug, and Snail. Immunofluorescence staining further confirmed the alternations in E-cadherin and vimentin expression. These findings indicated that Tiam1 is strongly associated with EMT progression. Additionally, according to Liu et al, Tiam1 promotes cancer progression by modulating EMT via Wnt/β-catenin signaling pathway. 27 Moreover, Buongiorno et al confirmed that Tiam1 enhancement on Rac1 and Wnt activation increased β-catenin nuclear translocation and finally promoted cancer cell migration and invasion. 30 These results indicated that the Rac1/Wnt/β-catenin signaling is involved in the metastasis promotion effects of Tiam1. Tiam1 is widely demonstrated as a cytoplasmic protein, but recently, Tiam1 was found to be localized in the nucleus. 31 Tiam1 is downregulated by multiple factors or miRNAs which finally inhibited its promotional activity on tumorigenesis. 32, 33 We believe that Tiam1 regulation and lung adenocarcinoma tumorigenesis enhancement need further investigation.
Notably, another essential aspect of tumor initiation and progression is angiogenesis. Angiogenesis is considered to be crucial for the metastasis and progression of cancer and is involved in the carcinogenesis of lung cancer. 34 As reports showed that Tiam1 could influence endothelial cell migration, 22 we utilized endothelial tube formation assay to investigate its role in angiogenesis. HUVECs cultured in the presence of supernatant of Tiam1 depletion cells strongly attenuated their capacity of tube formation, and Western blot assay also showed that both markers of angiogenesis, VEGF and VEGFA, were downregulated. Moreover, VM describes the ability of tumor cells to acquire endothelial cell behavior that enables to generate tumor-derived vascular networks, 35 and the transcriptional signature of VM shares components 
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with EMT in tumor plasticity during metastasis. 36 We show that Tiam1 contributes to VM network formation of lung adenocarcinoma cells and further enhances cancer cell initiation and migration. Consistent with previous findings that VM contributes to tumor progression and EMT in nonsmall-cell lung cancer, 37, 38 we discovered that Tiam1 depletion significantly inhibited the VM networks generated by both A549 and H1975 cells. Overall, our data suggest that Tiam1 may contribute to VM formation in vitro and further enhance tumor progression. 
Conclusion
Taken together, we indicated that Tiam1 is aberrantly overexpressed in lung adenocarcinoma patients and is significantly associated with poor clinical outcome. Tiam1 serves as an oncogene in lung adenocarcinoma progression via EMT and angiogenesis enhancement. Thus, Tiam1 may be a promising biomarker for the prognosis of lung adenocarcinoma patients and may serve as a potential therapeutic target for lung adenocarcinoma.
